1. Spleen-type (M2-type) pyruvate kinase was purified and crystallized from Rhodamine sarcoma of rats by a procedure involving affinity chromatography on a P-cellulose column and isoelectric separations in the presence and absence of fructose 1,6-diphosphate (FDP). 2. In sodium dodecylsulfate (SDS)-polyacrylamide gel electrophoresis, the purified enzyme migrated, forming a single band corresponding to a molecular weight of approximately 60,000. 3. In molecular-sieve chromatographies of 0.16-0.79 mg/ml of the enzyme in the absence of FDP on a Sephadex G-200 column, the enzyme could exist as monomer, dimer and tetramer, all of which were enzymically active. It existed as a mixture of monomer and dimer at 0.16 mg/ml and as a mixture of dimer and tetramer at 0.79 mg/ml.
1. Spleen-type (M2-type) pyruvate kinase was purified and crystallized from Rhodamine sarcoma of rats by a procedure involving affinity chromatography on a P-cellulose column and isoelectric separations in the presence and absence of fructose 1,6-diphosphate (FDP).
In sodium dodecylsulfate (SDS)-polyacrylamide
gel electrophoresis, the purified enzyme migrated, forming a single band corresponding to a molecular weight of approximately 60,000.
3. In molecular-sieve chromatographies of 0.16-0.79 mg/ml of the enzyme in the absence of FDP on a Sephadex G-200 column, the enzyme could exist as monomer, dimer and tetramer, all of which were enzymically active. It existed as a mixture of monomer and dimer at 0.16 mg/ml and as a mixture of dimer and tetramer at 0.79 mg/ml.
In the presence of FDP, all the enzyme existed as tetramer at all the concentrations tested, having a molecular weight of approximately 240,000. 4. It was previously reported that the enzyme possessed two different kinds of FDP-binding sites (1st and 2nd sites). It was found that the rate of binding of FDP to the 1st site was remarkably slow, whereas that to the 2nd site was rapid provided that the 1st site had been bound with FDP.
The Km values for FDP in its binding to the 1st and 2nd sites were nearly the same, 3-4 x 10-1 M. 5 . The FDP bound to the 2nd site was rapidly dissociable, but the FDP bound to the 1st site hardly so. The amount of FDP bound to the 1st site was approximately 2 mol per mol of tetramer. Perhaps, a maximum of 4 mol of FDP per mol of tetramer could be bound. 6 . Of the several salts, with which the enzyme was preincubated in the presence and absence of FDP, 0.3 M LiCl, NaCl, KCl, RbCl, NH,CI, (NH3)2S04, KI, KHCO3, and Tris-HCl increased the Vmaac significantly to nearly the same extent.
In 1965, Tanaka et al. (1) found that there are two types of pyruvate kinase [ATP: pyruvate 2-0-phosphotransferase, EC 2.7.1.40] in rat liver; one type is more abundant in the liver than in other organs (liver-type; type L), whereas other type is the same as the single type, which the muscle has most abundantly (muscle-type; type M). They (2) succeeded in the crystallization of these two types of the enzyme. Imamura et a!. (3) purified a new type of pyruvate kinase from Ehrlich ascites hepatoma of rats, which was immunologically different from types L and M. They called it " M 2-type isoenzyme."
By isoelectric separation with Ampholine carrier-ampholytes, Hess et al. (4) found that pyruvate kinase of pig liver is distinguishable into at least two forms with respect to the mode of FDP-binding. Of other studies along lines similar to the above (5-12), Muroya et al. (12) reported that in the FDP-free form, pyruvate kinase from various tissues of rats can be classified into the three types, liver-type (type L), muscle-type (type M), and spleen-type (type M2). The liver-type isoenzyme and the spleentype (M2-type) isoenzyme have individually two different kinds of FDP-binding sites, whereas the muscle-type isoenzyme has not any FDPbinding sites at all.
It was previously found that the major type of pyruvate kinase present in Rhodamine sarcoma of rats is of the spleen-type (11, 12) . In this study, spleen-type pyruvate kinase was purified and crystallized from the tumor, and the mode of FDPbinding to the isoenzyme and the effects of various inorganic cations on the Vmax were studied.
MATERIALS AND METHODS
Animals and Tumors-Adult male albino rats of the Donryu strain were used. Implantation of Rhodamine sarcoma was carried out according to the method of Matuo et al. (13) Assay for Pyruvate Kinase Activity-Pyruvate kinase activity was measured according to the method of Biicher and Pfleiderer (14) . The standard reaction mixture for the activity assay comprised 0.5 ml of 0.1 M Tris-HC1 buffer (pH 7.5), 0. The CM-cellulose eluate was passed through a P-cellulose column (6.5 x 65 cm) equilibrated with Tris-GM buffer. The charged column was washed with three-fold bed volumes of Tris-GM buffer, and then eluted with Tris-GM buffer containing 25 mm potassium phosphate.
The resulting eluate was divided into 40-m1 fractions.
The fractions showing higher specific activities of pyruvate kinase than 74 units/A280 nm were mixed. The resulting mixture (400 ml) was concentrated to approximately 50 ml by means of membrane filtration.
The concentrated solution is called "P -cellulose eluate."
The P-cellulose eluate was divided into portions containing 4,000-5,000 units of pyruvate kinase, and the portions were individually subjected to isoelectric separation with Ampholine carrier ampholytes ( Fig. 1 ). Pyruvate kinase (FDP-free) was collected into fractions, the pH values of which were centered at 7.8 ("isoelectric separation: 1st"). These fractions containing the pI 7.8-isozyme of the enzyme were preincubated with 1 mm FDP for a sufficient length of time (see below) and then subjected to a second isoelectric separation.
Pyruvate kinase (FDP bound with the l st site) was collected into fractions, the pH values of which were centered at 6.6 ("isoelectric separation: 2nd (+FDP)"). The enzyme in these fractions is called "pI 6.6-isozyme" (12) .
The results of the purification are summarized in Table I .
The spleen-type pyruvate kinase preparations purified by the 2nd isoelectric separation were subjected to crystallization. To the enzyme solu tion (approximately 600 units/ml) (30 ml) were added a one-twentieth volume of 0.2 M Tris-HCl buffer containing 25 % glycerol (pH 7.5) and a one-hundredth volume of 0.1 M FDP.
The resulting solution was supplemented with solid (NH4)2SO, up to 50 % saturation, adjusting the pH to approx imately 7 with NH,OH.
The enzyme solution thus obtained was concentrated to approximately 2 ml by means of membrane filtration.
In this was preincubated in the standard reaction mixture containing 0.1 mm phosphoenolpyruvate and 1 mm FDP but free of ADP, and when the enzyme activity was measured by adding the preincubated enzyme solution to the standard reaction mixture for activity assay which contained 0.1 mm phosphoenolpyruvate but not FDP, the maximum stimulation of the enzyme activity increased to a remarkably higher extent ("+RM-ADP+FDP") . When the pI 7.8-isozyme was preincubated in the standard reaction mixture containing 1 mm FDP but free of phosphoenolpyruvate, and when the enzyme activity was measured by adding the preincubated enzyme solution to the standard reaction mixture for activity assay which contained 0.1 mm phosphoenolpyruvate, almost the same result as above was obtained (" +RM-phosphoenolpyruvate + FDP "). On the other hand, a slight but appreciable stimulation of the enzyme activity was observed when the pI 7.8-isozyme was preincubated in the standard reaction mixture free of ADP and phosphoenolpyruvate (" +RM-ADP" and "+RM-phosphoenolpyruvate").
The standard reaction mixture used for the preincubation contained 50 mm Tris-HCl, 0.15m KCl, 10 MM MgCl2, etc. Therefore, the fact that the pI 7.8-isozyme was activated to a much higher extent by preincubation in the standard reaction mixture containing 1 mm FDP than by preincuba tion in 10 mm Tris-HC1 buffer containing 1 mm FDP, suggests that the enzyme was additionally activated by a factor present in the standard reac tion mixture; the activation reached the maximum within 10 min. This factor was the monovalent cations present in the reaction mixture (see below).
Effect of FDP Concentration in Preincubation on Activity of Spleen-Type Pyruvate KinaseThe pI 7.8-isozyme of spleen-type pyruvate kinase was preincubated with various concentra tions of FDP in 10 rum Tris-HCl buffer (pH 7.5) for 30 min, which is sufficient for the maximum stimulation (see Fig. 5 ). An aliquot of the pre incubated enzyme solution was added to a 50-fold volume of the standard reaction mixture for activity assay, which contained 0.1 mm phospho enolpyruvate and 0.1 mm FDP, and the initial rate for activity was then measured.
With increasing concentration of FDP in preincubation, the rate increased (o in Fig. 6 10-7 M. On the other hand, the pI 7.8-isozyme of spleen-type pyruvate kinase was preincubated in the same manner as described above, but the preincubated enzyme solution was added to the standard reaction mixture for activity assay, which contained 0.1 mivt phosphoenolpyruvate but not FDP.
With increasing concentrations of FDP in preincubation, the rate increased by two instantly binds with FDP to form the pI 6.2-isozyme (Fig. 7) . As described previously (12) (also see Fig. 1 ), the pI value shifted from 7.8 to 6.6. In addition, the radioactivity and A280 nm were also focused in the pH 6.6 fraction.
In two experiments, it was estimated that in the pI 6.6-isozyme, 2.1 and 2.4 mol of FDP were bound per rnol of the tetramer, on the basis of MW=240,000
and Ez onm=4.7.
Effect of Various Kinds of Salt on Activity of Spleen-Type Pyruvate Kinase-The pI 7.8-isozyme of spleen-type pyruvate kinase was pre incubated with various concentrations of NaCl or KCl in 10 mm Tris-HC1 buffer (pH 7.5) for 10 min. The activity was then measured by adding the preincubated enzyme solution to the standard reaction mixture for activity assay, which con tained 0.15 M KCl and 3 mm or 0.1 mm phosphoenolpyruvate.
The initial rate for activity increased with increasing concentrations of the salts. NaCl and KCl gave essentially the same results; the maximum rate was obtained at 0.3 M with either 3 mm or 0.1 mm phosphoenolpyruvate (Fig. 8) . LiCl, RbCl, NH4Cl, (NH4)2S04, KI, KHCO3, and Tris-HCl also gave the same results as NaCl and KCl.
It is known that the pI 7.8-isozyme shows a reaction rate close to the Vmax when the phospho enolpyruvate concentration is as high as 3 mm, whether the reaction mixture for activity assay contains FDP or not (12) . In this study, two different experiments were carried out. In one experiment, the pI 7.8-isozyme was preincubated with 0.3 M NaC1 in the presence and absence of 0.1 mm FDP.
The activity was then measured by adding the preincubated enzyme solution to the standard reaction mixture for activity assay, in which the phosphoenolpyruvate concentration was varied (Fig. 9) . When the enzyme was preincu bated with 0.3 M NaCl, the Vmax value was raised by 30-40%, and the Km value for phospho enolpyruvate shifted from 0.7 mm to 0.3 mm in the absence of FDP and from 0.1 mm to 0.04 mm in the presence of FDP.
LiCl, KCl, RbCl, NH,CI, (NH4)2S04, Kl, KHCO3, and Tris-HCl gave the same results as NaCl.
It may be noteworthy that the concentration of the salts for preincubation (0.3 M) was 50-fold diluted in the reaction mixture for activity assay; thus, their concentration in the reaction mixture (6 mm) is negligibly low in comparison to the concentration of KCl in the reaction mixture (0.15 M). In the The pI 7.8-isozyme was preincubated for 10 min with various kinds of salt (0.3 M), and the activity was then measured by adding the preincu bated enzyme solution to the standard reaction mixture for activity assay, which contained various concentrations of KCl or NaCl besides 3 mm phosphoenolpyruvate.
The activity in the pres ence of 3 mm phosphoenolpyruvate (nearly equal to Vmax) was significantly raised when the enzyme had been preincubated with LiCl, NaCl, KCl, RbCl, and Tris-HC1 (0.3 M at preincubation and 1.5 mm in the reaction mixture for activity assay), regardless of the kinds of salt contained in the reaction mixture for activity assay (0.15 M KCl or NaCl) (Fig. 10 ). All the salts tested stimulated the activity to a similar extent. When the pI 7.8-isozyme was added to the standard reaction mixture for activity assay and the activity was then measured, the initial rate for activity was greatly stimulated by KCl, RbCl, and NH,,CI, this being in good accordance with the findings by Boyer (19) (Fig. 11) . Maximum stimulation was obtained at 0.1 M KCl, 0.1 M RbCl, and 0.03 M NH4Cl. Such stimulation was not observed with the other salts including NaCl, LiCl, and Tris-HCl.
The relative activities of spleen-type pyruvate kinase under various assay conditions are summarized in Table II . DISCUSSION It was previously reported by Muroya et al. (12) that spleen-type pyruvate kinase has two kinds of FDP-binding sites, which are different in their mode of FDP-binding.
The FDP-binding rate to the 1st site was remarkably slow (Fig. 5) , whereas the FDP once bound to the 1st site was not released in isoelectric separation with Ampholine carrier-ampholytes.
To the contrary, the 2nd site could rapidly bind with FDP, provided that the 1st site had been bound with FDP and free FDP was present in the medium.
The pI value is 7.8 when the enzyme is free of FDP, 6.6 when the 1st site is bound with FDP, and 6.2 when both sites are bound with FDP. These pI 7.8-, pI 6.6-, and pI 6.2-isozymes were distinguishable kinetically (Fig. 6) . Conceivably, the pl 7.8-isozyme and the pI 6.6-isozyme correspond to "FDP -insensitive" and "FDP-sensitive ," respec tively, along the description by Imamura et al. (3) . The spleen-type enzyme had a molecular weight of approximately 60,000, and it could exist as monomer, dimer and tetramer, all of which were enzymically active; low concentrations of the enzyme favored the formation of the monomer whereas high concentrations favored the formation of the tetramer.
However, when FDP was present in the medium, all the enzyme existed as the tetramer even at the lowest concentration tested (0.16 mg/ml). In the pI 6.6-isozyme, 2 mol of FDP were bound with each mole of tetramer. On the basis of the pl value, the pl 6. When spleen-type pyruvate kinase was added to the reaction mixture for activity assay containing K+, Rb+, or NH4+, the activity measured in the initial rate was significantly stimulated by all the respective cations.
Such stimulation was not observed with Na+, Li+, Cs+, Sr2+, Cat+, and Tris+. On the other hand, the activity was significantly stimulated by Na+, Li+, and Tris+ as well as by K+, Rb+, and NH4+, when the enzyme was pre incubated with these cations before activity assay. Such stimulation was not observed with Mg2+ , Sr2+, Ca2+, or Mn2+. It is well known that K+ and other effective cations can rapidly bind with pyruvate kinase molecules at a catalytic site and stimulate the enzyme reaction (20). To the con trary, no report has been published so far with respect to the stimulation of activity invoked by the preincubation of the enzyme with salts. It seems likely that the enzyme had two different sites capable of binding various monovalent cations; one kind of site could bind at a slow rate with all the monovalent cations tested, whereas the other kind of site could bind at a fast rate with K+, Rb+, and NH4+ but not with the others; the binding of monovalent cations to either site raised the Vmax value, the extent thus raised being additive. 
